Salinity is one of the important limiting factors in crop productivity and mach effort has been made to understand salt tolerance in plants (Csonka and Hanson 1991 , Bohnert and Jensen 1996 , Zhu et al. 1997 . Organisms that thrive in hypersaline environments possess specific mechanisms to adjust their internal osmotic status. One such mechanism is Abbreviations: AMV, Avian myeloblastosis virus; DBMIB, 2,5-dibromo-3-methyl-6-isopropyl-£>-benzoquinone; DCBQ, 2,6-dichloro-p-benzoquinone; NhaAv, Vibrio alginolyticus Na + /H + antiporter. 5 To whom correspondence should be addressed.
the ability to accumulate low molecular weight organic compatible solutes such as sugars, some amino acids and quaternary ammonium compounds, which are believed to be essential for adaptability of plant cells to high salinity (Csonka and Hanson 1991, Takabe et al. 1998) . Anther adaptation mechanism to high salinity is the exclusion of Na + ion from cells which has been proposed as a function of Na + /H + antiport and Na + ATPase (Blumbeld et al. 1984 , Fry et al. 1986 , Serrano 1996 . Expression of compatible solutes and heterologous sodium efflux transporters could be a useful approach to improve the salt tolerance of photosynthetic organisms. Indeed, the increase of salt tolerance or water stress tolerance of photosynthetic organisms transformed with genes for synthesis of compatible solutes has been demonstrated (Tarczynski et al. 1993 , Deshnium et al. 1995 , Nomura et al. 1995 , Bohnert and Jensen 1996 . On the other hand, the genetic engineering of Na + exclusion for salt tolerance in photosynthetic organisms has not been reported. As the first step for exploring the capability of this approach to alter ion homeostasis, we have expressed the nhaAv gene, which encodes the Vibrio alginolyticus (V. alginolyticus) Na + /H + antiporter (NhaAv), in a fresh water cyanobacterium Synechococcus sp. PCC 7942. NhaAv is homologous to E. coli NhaA and is composed of a single polypeptide which operates as an electrogenic antiporter (Nakamura et al. 1994, Padan and Schuldiner 1996) . We report the functional expression of an integral membrane protein from Vibrio in Synechococcus. The NhaAv antiporter seems to be active at the thylakoid and cytoplasmic membranes, and its gene expression conferred lithium tolerance but not sodium tolerance in Synechococcus cells. (Nakamura et al. 1994 ) was amplified by PCR using the following primers which contain the Xbal restriction site: forward primer, 5-TACTCTAGAGAAGCGATTATTCTAAAG-TT-3'; reverse primer, 5-CATGGTCTAGACATCCGCTCAAT-ACGAAA-3'. The amplified fragment was ligated into the Xbal site of E. coli/Synechococcus shuttle vector, pUC3O3-Bm, which carries the streptomycin-and chloramphenicol-resistance genes. The resulting 12.4-kb plasmid, pUC3O3-Bm/nhaAv, was used to transform Synechococcus cells as described (Kuhlemeier and Arkel 1987, Nomura et al. 1995) . In control cells, the plasmid pUC303-Bm was used.
Materials and Methods

Construction of an expression vector for nhaAv gene in Synechococcus sp. PCC 7942 cells-The nhaAv gene from V. alginolyticus
Growth of cyanobacteria-Synechococcus cells were subcultured at 30°C under continuous fluorescent white light at 80 /xE m~2s~' in BG 11 liquid medium supplemented with lO^gml" 1 streptomycin and bubbled with 3% CO 2 in air (Tanaka et al. 1997) . Cells at the logarithmic phase were transferred into fresh medium containing various concentrations (0-0.3 M) of NaCl. The cultures were incubated for several days under the same conditions except for bubbling with air. The cell growth was monitored by measuring the absorbance at 730 nm with a Shimadzu UV-160A.
RT-PCR and Northern hybridization analysis-Total RNA was extracted from Synechococcus cells as described (Aiba et al. 1981 , Lee et al. 1997 . For RT-PCR, 2^g of total RNA was primed with 0.1 nmol of oligonucleotides which were the same as those used for amplification of the nhaAv gene from V. alginolyticus. The first DNA strand was synthesized with 15 units Avian myeloblastosis virus (AMV) reverse transcriptase (Promega Co., Madison, U.S.A.) at 42°C for 30 min in a final volume of 20 fx\. A 1 fi\ aliquot was employed as a PCR template in the reaction mixture consisting of 10 mM Tris/HCl, pH 8.8, 0.5 unit of AmpliTaq DNA polymerase, 200^ dNTP, 1.5 mM MgCl 2 , and 0.8 ,uM of each primer. Northern hybridization analysis was carried out by the method of Yang et al. (1993) .
Measurement of Na + /H
+ antiport activity-The antiport activity of Synechococcus was measured by using acridine orange as a probe for zdpH (Blumwald et al. 1984) . Synechococcus cells were harvested by centrifugation at 2,000 rpm for 15 min and suspended with the reaction mixture which contains 10 ^M acridine orange, 0.3 M sorbitol and 10 mM HEPES-KOH (pH 8.0). NaCl was loaded into the cells by adding 1/10 volume of 5 M NaCl. To generate an outwardly directed Na + gradient, loaded cells (40 /A) were diluted 50-fold with the NaCl-free reaction mixture (2 ml) which causes the quenching of acridine orange fluorescence due to the generation of inwardly directed H + gradient. Then 130^1 of 5 M NaCl was added. The fluorescence were monitored with a Shimadzu RF-53OOPC spectrofluorophotometer at 25°C. The increase in fluorescence was used as the Na + /H + antiport activity. Wavelength and slit width for excitation were 493 nm and 3 nm, and those for emission were 530 nm and 3 nm, respectively. Thylakoid membranes were isolated as previously described (Hibino et al. 1995) . Briefly, cells were harvested by centrifugation at 5,000xg for 10 min, rinsed once in 0.6 M sucrose, 20 mM NaCl, and 20 mM HEPES-NaOH (pH 7.0) and resuspended in the same solution without sucrose, but containing 1 mM phenylmethyl-sulfonyl fluoride (PMSF) (buffer A). The suspension of cells were broken in a Bead Beater (Biospec Products, Bartlesville, U.S.A.) at 0°C for 4 pulses of 30 s each with 2 min cooling intervals. Unbroken cells were removed by centrifugation at 5,000xg for 10min. The membranes were then pelleted by centrifugation at 125,000xg for 30 min and used for measurement of Na + /H + antiport activity.
Measurements of photosynthetic electron-transport activities-Whole chain electron transport activity was measured with a Clark-type oxygen electrode in BG11 medium supplemented with 5 mM KHCO 3 , and illuminated at 800//E m~2 s~' with a halogen lamp. PSII capacity was measured with a Clark-type oxygen electrode in BG11 medium supplemented with 5 mM NaHCO 3 , 25 fxM 2,5-dibromo-3-methyl-6-isopropyl-/?-benzoquinone (DBMIB), 2 mM Fe(CN)^"", and 2 mM 2,6-dichloro-j?-benzoquinone (DCBQ). The change in absorbance at 830 nm was measured as the redox state of P700 in a PAM Chi fluorometer with the emitter-detector unit ED 800T (Walz, Effeltrich, Germany) as previously described (Schreiber et al. 1988 , Tanaka et al. 1997 . Saturating multiple turnover light (25-ms pulse length, 15,000/^E m~2 s~') was applied to samples via a multibranched fiber optic system with a xenon discharge lamp (XMT103; Walz).
Measurement of intracelluar Na + content-Synechococcus cells in about 50/il, at the logarithmic phase were harvested by centrifugation at 4,000 rpm for 8 min and suspended with 1 ml of the supernatant solution. The solution was transferred to an Eppendorf tube and centrifuged at 10,000 rpm for 30 s. The pellets were washed quickly with 1 ml mixture of 0.6 M sorbitol and 1 mM NaCl. After centrifugation, the pellets were resuspended with distilled water and sonicated with Kubota Insonator 201 M at 180 W for 30 min. After filtration (pore size 2^m), Na + contents in the homogenates were measured with a Shimadzu Personal Ion Analyzer PIA-1000.
Other methods-Chi was determined by the method of Mackinney (1941) . Protein was determined by method of Lowry et al. (1951) . ATP was determined with the Lumicounter ATP-300 (Advantec) using an ATP Bioluminescence Assay Kit CLS II (Boehringer, Mannheim, Germany).
Results
Expression of nhaAv gene from Vibrio alginolyticus in Synechococcus cells-Synechococcus sp. PCC 7942 cells
were transformed with the plasmid pUC303-Bm/n/zfik4v using a promoter of the nhaAv gene and grown in BG 11 medium supplemented with streptomycin. Transcript of the nhaAv gene in Synechococcus cells was examined by Northern blot and RT-PCR analysis. As shown in Fig. 1A , a band of approximately 1.4 kb size was detected in the transformant cells which was the expected size estimated from the nucleotide sequence of nhaAv gene (Nakamura et al. 1994) . The intensity of the 1.4 kb band was almost independent of the concentration of NaCl (0 M or 0.3 M) in BG 11 medium (Fig. 1A ). Here, it should be noted that about 20 mM Na + was present in the growth, medium due to the salts in BG 11 even without addition of extra NaCl (0M NaCl). The RT-PCR experiments also revealed the 1.4 kb band and its intensity did not change with the salinity (Fig. 1A) . These data clearly show that the promoter of nhaAv gene was recognized in Synechococcus cells and its gene was constitutively transcribed (Nakamura et al. 1994) .
AfaV/f" 1 " antiport activity of the recombinant Synechococcus cells-The Na + /H + antiport activity of the nhaAv gene product (NhaAv) was examined by monitoring the fluorescence change of acridine orange (Blumwald et al. 1984) . Typical patterns of fluorescence in the control and /7/iOy4v-expressing cells are shown in Fig. IB . After addition of NaCl-free solutions, the fluorescence intensity of the NaCl-loaded cells decreased to a steady state level due to the increase of intracellular H + . As shown in the ar- rowhead of Fig. IB , the addition of NaCl caused the fluorescence to increase due to the decrease of intracellular H + which reflects the Na + /H + antiport activity of Synechococcus cells (Blumwald et al. 1984) . These fluorescence changes did not occur in the absence of Synechococcus cells, which also is evidence that the NaCl-induced fluorescence increase reflects the Na + /H + antiport activity, and it was not due to the artifacts by Chi fluorescence. As shown in the upper panel of Fig. IB , the fluorescence increase in the control cells grown with 0.25 M NaCl was about 1.4-fold larger than that grown without addition of NaCl (0 M NaCl). The fluorescence in the transformant cells increased via two phases, fast phase and slow phase (Fig. IB, lower panel) . The fast phase was similar to the fluorescence increase in the control cells. The slow phase was only observed in the transformant cells. The fluorescence increases of both phases in the transformant cells grown with 0.25 M NaCl were larger than that in the transformant cells grown without addition of NaCl, indicating the post-transcriptional regulation of the nhaAv gene expression.
Effects of NaCl on the growth rate of the control and nhaAv-expressing Synechococcus cells-The control and transformant cells exhibited similar growth rates in BG 11 medium (Fig. 2) . However, the growth rate of the transformant cells became slower than that of the control cells when the salinity was increased. This indicates that the expression of nhaAv gene made the Synechococcus cells NaCl sensitive. Essentially similar results were obtained when the cells were grown under high CO 2 (3%) or different conditions of light intensity and pH (data not shown).
Levels of protein, Chi, ATP, and Na + in the control and nhaAv-expressing Synechococcus cells-In order to investigate the mechanisms of salt sensitivity conferred by NhaAv, the intracellular contents of protein, Chi, ATP, and Na + were examined. As shown in Table 1 , the levels of protein, Chi, and ATP in the control cells grown without addition of NaCl were similar to those in the transformant cells. With the increase of salinity, the levels of Chi and ATP in the control cells decreased whereas protein remained at a similar level. Essentially similar results were obtained for the transformant cells, but the levels of Chi and ATP decreased more markedly than in the control cells. The intracellular Na + in the transformant cells was about 2.4-fold higher than that in the control cells at both low (0 M NaCl) and high (0.3 M NaCl) salinities. The intracellular Na + in both the control and transformant cells increased to a similar extent, 2.7-2.8 fold, with the increase of salinity.
Effects of NaCl on the photosynthetic activity of the control and nhaAv-expressing Synechococcus sp. PCC 7942 cells-Effects of NhaAv overexpression on the electron transport activity were examined under various salinity conditions. The photosynthetic O 2 evolution activity was almost the same between the control and transformant cells grown with BG 11 medium (Fig. 3A) . The activity of control cells decreased slightly with increasing salinity, whereas that of transformant cells decreased significantly. The activity of the transformant at 0.3 M NaCl was about 40% of that at 0 M NaCl. These results are compatible with those of the growth rates shown in Fig. 2 . Short-term responses of salt effects in the control and transformant cells were also examined. Upon addition of 0.3 M NaCl, the O 2 evolution activity of control cells decreased to about 40% of the original activity, and then gradually recovered and returned to the original level within 150 min after the salt-shock (Fig. 3B) . However, in the transformant cells, the activity decreased to about 10% and could not be recovered at least within 180 min.
To investigate which step(s) of the electron transport systems in the transformant cells was salt sensitive, the partial activities of PSI and PSII were examined. The redox kinetics of P700 in PSI were examined (Fig. 4A) . Upon flash illumination, the reaction center P700 was oxidized to P700 + and then rapidly reduced by electrons which were provided by linear and cyclic electron transport systems (Schreiber et al. 1988 , Tanaka et al. 1997 ). In the control cells, about 60% of P700 + were reduced within 100 ms and then slowly reduced. The slow phase was presumably due to the imbalance between PSI and PSII, larger amounts of PSI than PSII (Fujita and Murakami 1987) . Similar redox kinetics of P700 were observed in the transformant cells grown without addition of NaCl. However, at high salinity, the change in absorbance induced by light decreased to about 65% of that induced at a low salinity (0 M).
The upper panel (A) of Fig. 4B shows that the electron transport abilities of PSII in the control and transformant cells were almost the same when NaCl was absent in the BG 11 medium. At a high salinity (0.25 M NaCl), their activities in the control and transformant cells decreased to 83 and 33% of that at a low salinity, respectively. The decrease (67%) of PSII activity at a high salinity in the transformant cells was greater than that (35%) of PSI ac- Proteins, ATP, and Na + were measured as described in Materials and Methods. Each value represents the average of three independent measurements (SE were within 1%). tivity, suggesting that PSII is more salt sensitive than PSI. These activities were expressed on a cell number basis. The activities of the control and transformant cells were similar when expressed on a Chi basis, even at a high salinity as shown in lower panel (B) of Fig.4B , which indicates that the Chi content and PSII activity decreased to a similar extent upon salt stress. Effects of expression of nhaAv gene on the sodium tolerance of E. coli-Although the nhaAv gene can functionally complement a E. coli mutant defective in an Na + / H + antiporter (Nakamura et al. 1994 ), the effects of overexpression of nhaAv gene in the wild type E. coli cells have not been reported. We transformed the E. coli JM110 cells which have their own Na + /H + antiporter genes with the plasmid pUC303-Bm/n/z<fc4v, and examined their salt tolerance. The growth rate of the transformant was similar to that of the control at a low salinity (0.1 M), but faster at a high salinity (data not shown), which indicates that the overexpression of nhaAv gene could confer salt tolerance in wild-type E. coli. Localization of Na + /H + antiporter in Synechococcus cells-As a reason for the different effects of NaCl on the growth rates between the /i/io/lv-expressing E.coli and Synechococcus cells, it was thought that the NhaAv antiporter might function at thylakoid membranes in Synechococcus cells. To test this possiblity, thylakoid membranes were isolated from Synechococcus cells and their Na + /H + antiport activities were examined. As shown in Fig. 5 , the fluorescence increase of acridine orange was observed upon the addition of NaCl in thylakoid membranes. These fluorescence changes could be considered as due to the H + exclusion from the thylakoid lumen, but not the H + exclusion from the cytoplasm, since no contamination of whole cells in the thylakoid membrane fractions could be detected by optical microscopy (data not shown). Therefore, the difference in fluorescence increase between the control and transformant cells could be considered to reflect the Na + /H + antiport activity in the thylakoid membranes. The fluorescence increase in the control thylakoid membranes could be due to the exclusion of H + from the tylakoid lumen which was not mediated via Na + /H + antiporter. This fluorescence increase was similar in the low (0 M NaCl) and high (0.25 M NaCl) salinity (Fig. 4A, B) . The fluorescence increase in the transformant thylakoid membranes was larger at a high salinity (Fig. 4C,  D) . These results suggest that the NhaAv antiporter was localized in the thylakoid membranes of Synechococcus cells.
Effects of LiCl on the growth rate of the control and nhaAv-expressing Synechococcus cells-Since it has been shown that Na + /H + antiporter has the activity of exchange between Li + and H + (Padan and Schuldiner 1996) , we examined the effects of LiCl on the growth rates of the control and transformant cells. The expression of nhaAv gene conferred tolerance to LiCl but not NaCl in Synechococcus cells (Fig. 6) . Li + /H + antiport activities of whole cells and thylakoid membranes monitored by fluorescence changes of acridine orange showed a similar pattern to that of NaCl (data not shown). The level of Li + in the transformant cells was about 1.7-fold higher than that in the control cells (data not shown).
Discussion
We could achieve the functional expression of bacterial Na + /H + antiporter from V. alginolyticus (NhaAv) in a fresh water cyanobacterium Synechococcus sp. PCC 7942. The nhaA v-expressing transformant exhibited no significant growth difference from the control when tested at a low salinity (Fig. 2) . The transformant was not conferred sodium tolerance. Synechococcus cells expressing NhaAv antiporter were slightly more sensitive to NaCl than the control cells which was an unexpected result. To our knowledge, this is the first report achieving on the functional heterologous expression of a Na + /H + antiporter in photosynthetic organisms.
Oxygen evolution and electron transport activities of the transformant were lower than those in the control when these cells were grown at a high salinity or after salt shock (Fig. 3) . These low photosynthetic activities in the nhdAvexpressing cells were due to the decrease of Chi contents and PSII activity per cells (Fig. 4 and Table 1 ). If the activity was expressed on a Chi basis, the transformant has almost the same activity with that of the control (Fig. 4B) .
The inhibition of PSI activity at high salinity was smaller than that of PSII. These facts suggest that the PSII complexes might be one of the most sensitive site for salt stress.
ATP content in the control cells at a high salinity (0.3 M NaCl) was 1.4 times higher than that in the transformant cells (Table 1) . Decrease of ATP content could be explained due to the decreased electron transport activities. Its decrease in the transformant might cause the decreased efflux of Na + , because a plasma membrane H + -ATPase generates the proton gradient which drives secondary H + cotransporter or Na + /H + antiporter (Serrano 1996) .
Acridine orange fluorescence analysis suggests that the NhaAv antiporter functions at both the thylakoid and cytoplasmic membranes in Synechococcus sp. PCC 7942 cells (Fig. 1,5) . The attempt to obtain direct evidence for the targetting to thylakoid and/or cytoplasmic membranes in Synechococcus cells was unsuccessful because of failure to obtain the antibody against the NhaAv antiporter. Hitherto, targetting to both cytoplasmic and thylakoid membranes in cyanobacteria has been reported in some membrane proteins such as SecY proteins (Nakai et al. 1993) . Recently, it has also been reported that the expression of the E.coli Na + /H + antiporter gene, nhaA, in yeast Saccharomyces cerevisiae caused the targetting of the Na + /H + antiporter to both the cytoplasmic and vacuolar membranes (Ros et al. 1998 ). These facts suggest that the NhaAv antiporter functions at both thylakoid and cytoplasmic membranes in Synechococcus sp. PCC 7942 cells, presumably mainly at thylakoid membranes. The assembly of NhaAv antiporter to thylakoid membranes could cause the dissipation of proton gradient and the decrease of ATP synthesis, and consequently the salt-sensitive phenotype. Since the expression of nhaAv gene conferred tolerance to NaCl in E. coli, it would be plausible that if NhaAv was localized only in the cytoplasmic membranes, NhaAv could confer tolerance to sodium in Synechococcus. Therefore, strategies for the specific targetting of the Na + /H + antiporter to the cytoplasmic membranes in Synechococcus cells should be developed.
The NhaAv antiporter conferred tolerance to LiCl although not to NaCl in Synechococcus cells (Fig. 6) . The level of Li + in the transformant was higher than that in the control. These results are difficult to explain, but point to important differences between Li + and Na + homeostasis in Synechococcus sp. PCC 7942 cells. One possible explanation for this difference could be considered as follows. NhaAv transports Li + and Na + to the outside cells as well as to the thylakoid lumen. The levels of Li + and Na + in the thylakoid lumen of the transformant would be higher than that in the cytosolic space. However, in the control cells, the levels of Li + and Na + in the cytosolic space would be higher than that in the thylakoid lumen. Na + in the thylakoid lumen might be more toxic than Li + , whereas Li + is more toxic than Na + in the cytosolic space. In relation to this, interesting results have been reported in yeast. The expression of the E. coli Na + /H + antiporter, nhaA in Saccharomyces cerevisiae cells conferred sensitivity to Na + in addition to tolerance to Li + in the yeast cells (Ros et al. 1998) , whereas the expression of the sod2 antiporter from Schizosaccharomyces pombe conferred tolerance to both Li + and Na + in the Saccharomyces cells (Hahnenberger et al. 1996) . These results can be interpreted as follows (Ros et al. 1998 ). The sod2 antiporter was targetted to the cytoplasmic membranes whereas the NhaA antiporter was targetted to both the cytoplasmic and vacuolar membranes. The accumulation of Na + in the vacuole might be toxic but not the accumulation of Li + (Ros et al. 1998 ). Further studies are required to clarify these points.
The manipulation of a Na + /H + antiporter in transgenic plants could be a useful approach to improve salt tolerance in these organisms. However, the present results and other studies suggest that the development of protein targetting and a better understanding of intracellular ion homeostasis are needed for the genetic engineering of salt tolerance in plant.organisms.
